The protein kinase Akt is a key intracellular mediator of many biological processes, yet knowledge of Akt signaling dynamics is limited. Here we have constructed a fluorescent reporter molecule in a lentiviral delivery system to assess Akt kinase activity at the single cell level. The reporter, a fusion between a modified FoxO1 transcription factor and clover, a green fluorescent protein, rapidly translocates from the nucleus to the cytoplasm in response to Akt stimulation. Because of its long half-life and the intensity of clover fluorescence, the sensor provides a robust readout that can be tracked for days under a range of biological conditions. Using this reporter, we find that stimulation of Akt activity by IGF-I is encoded into stable and reproducible analog responses at the population level, but that single cell signaling outcomes are variable. This reporter, which provides a simple and dynamic measure of Akt activity, should be compatible with many cell types and experimental platforms, and thus opens the door to new insights into how Akt regulates its biological responses.
Introduction
Cells respond to their environment through the actions of intracellular signaling pathways. An environmental agent, such as a peptide hormone or growth factor, typically binds to the extracellular surface of its trans-membrane receptor. Through changes in conformational energy, ligand binding triggers enzymatic activity that activates multiple signaling networks.
Despite many advances in biochemistry that have identified and characterized components of these networks in intimate detail, our knowledge of how growth factor-initiated inputs are encoded into signaling outputs remains limited. Studying the response of individual cells within a population has been particularly challenging because most experimental methods lack sufficient sensitivity, or exhibit low temporal resolution. Moreover, signaling pathways do not function in isolation but may be interconnected and non-linear, and contain a variety of feedback and feed-forward modifiers that complicate analysis (Albeck et al., 2013 , Purvis and Lahav, 2013 , Tay et al., 2010 , Zhou et al., 2015 .
Live cell imaging using sensitive, specific, and quantifiable biosensors resolves several of the limitations inherent in biochemical assays. By enabling analysis of many individual cells within a population, this approach can result in major improvements in both the amount and quality of the data, often generating new insights into the complexities of pathway regulation (Batchelor et al., 2011 , Lahav et al., 2004 , Purvis and Lahav, 2013 , Zhou et al., 2015 . Several different types of imaging sensors have been developed to address a variety of biological questions. FRETbased reporters were among the first to be used to assess signaling activity in single cells, and have been employed to study G-protein coupled receptors (Clister et al., 2015) and other signaling outputs or about the dynamics of responses within a cell population. As with other FRET biosensor systems, they have required substantial investment in high-end imaging equipment and extensive expertise, and have not been widely adopted. Alternative approaches have been presented, including a bioluminescent sensor employing a split-luciferase reporter (Zhang et al., 2007) , but they offer few advantages over FRET-based reporter molecules.
Here we describe a robust fluorescent translocation sensor for measuring Akt activity. Our reporter protein is based on FoxO1, an Akt substrate that transits between the nucleus and cytoplasm (Brunet et al., 1999 , Rena et al., 1999 , Rena et al., 2002 , Van Der Heide et al., 2004 , Woods et al., 2001 , Zhang et al., 2002 . With this sensor, we are able to quantify the dynamics of Akt activity over time, and to show that IGF-I-mediated Akt signaling is encoded into stable and reproducible analog responses at the population level, but that in individual cells Akt signaling outputs are variable and mostly stochastic. The tools and approaches defined in this paper open the door to characterizing how the Akt pathway functions under a range of biological conditions in different cell types.
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Results
Developing a reporter to track Akt activity in living cells. We have engineered a fluorescent fusion protein to assess Akt activity at the single cell level. We devised our reporter using as a base FoxO1, a well-characterized Akt kinase substrate (Hay, 2011) . FoxO1 contains three Akt phosphorylation sites that modulate the functions of nuclear localization (NLS) and nuclear export (NES) motifs (Fig. 1A) . NLS activity is inhibited by Akt phosphorylation, and NES activity is enhanced, shifting the equilibrium of subcellular localization from the nucleus to the cytoplasm (Brunet et al., 1999 , Rena et al., 1999 , Rena et al., 2002 , Zhang et al., 2002 (Fig.   1B) . We constructed the reporter by fusing the green fluorescent protein, clover (Lam et al., 2012) , to the COOH-terminus of FoxO1. We also engineered three amino acid substitutions into the Forkhead domain of FoxO1 to inhibit its DNA binding activity (Tang et al., 1999) , and to prevent effects from phosphorylation by the protein kinase, Mst1 (Lehtinen et al., 2006) (Fig.   1A ). After lentiviral delivery into mouse 10T1/2 fibroblasts and C2 myoblasts, stable selection, and cell sorting, we were able to visualize rapid and robust reporter transit from the nucleus to the cytoplasm in response to the growth factor, IGF-I (Fig. 1B, C) .
Assessing growth factor specificity and responsiveness of the FoxO1-clover reporter. To study the response of the reporter to growth factors that stimulate Akt activity, we treated serumstarved 10T1/2 cells with 10% FBS or with individual growth factors in serum-free medium (SFM), and tracked the subcellular localization of FoxO1-clover. Cells incubated with FBS, PDGF-BB, or the IGF-I analogue, R3-IGF-I, for 60 min showed rapid and sustained translocation of the reporter from the nucleus to the cytoplasm in parallel with stimulation of Akt phosphorylation ( Fig. 2 ; t 1/2 of nuclear export of 6.5 ± 1.0 min). In contrast, cells maintained in SFM or treated with BMP-2 for 60 min had predominantly nuclear localization of FoxO1-clover, and exhibited minimal Akt phosphorylation. BMP-2 treatment stimulated phosphorylation of Smad5, one of its key intracellular signaling proteins (Katagiri and Tsukamoto, 2013, Wang et al., 2014) , indicating that BMP-2 did activate its cognate receptor in 10T1/2 cells (Fig. 2) . Longer-term treatment with FBS, PDGF-BB, or IGF-I for up to 6 hr led to sustained cytoplasmic accumulation of the reporter, while incubation with SFM or BMP-2 maintained its nuclear localization (Supplemental Fig. 1 ).
It is possible that structural factors such as changes in nuclear shape or volume may influence the apparent nuclear localization of the FoxO1-clover reporter protein, and thus may contribute
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to measurement errors, as could technical issues with our cell tracking process. To assess potential measurement errors, we re-analyzed tracked images of 5 individual cells up to 10-times during a 60-min incubation in serum-free medium. Under these experimental conditions, we found that the intensity of nuclear fluorescence varied on average by ±3% from the mean value (Supplemental Fig. 2 ). As this value is smaller than the mean variability observed in cells incubated in serum-containing medium (see Fig. 3A below) , the results suggest that our experimental system provides a sensitive readout of biological factors that act on the subcellular location of FoxO1.
Establishing the half-life of the FoxO1-clover reporter. To accurately quantify signaling dynamics it is important to show that the reporter protein is stable over the duration of the experiments. Incubation of cells with or without growth factors for 6 hr demonstrated that levels of FoxO1-clover were fairly constant (Supplemental Fig. 1 ). To formally assess the stability of the reporter molecule, we treated cells with the protein translation inhibitor, cycloheximide.
Under the conditions of our analyses, we found that FoxO1-clover had a half-life of > 24 hr, consistent with published data for FoxO1 (Sandoval et al., 2013) . The half-life of CDK4 was < 2 hr in the same experiments, also consistent with published observations (Schwanhausser et al., 2011) , and demonstrating the effectiveness of cycloheximide in blocking protein synthesis (Supplemental Fig. 3A) . Thus, FoxO1-clover is a stable fusion protein, indicating that it will be a useful reagent for quantifying signaling responses over long experimental time courses.
Dynamic localization of the FoxO1-clover reporter protein in cycling cells. To test the behavior of the reporter protein over long time-course experiments, we tracked 10T1/2 fibroblasts during a 12-hr incubation in medium with 10% FBS. The medium was then replaced with SFM, and cells were imaged for a further 120 min. We found that in the presence of 10%
FBS the reporter was retained in the cytoplasm and exhibited only minor oscillations in intensity over the 12-hr period (4% average absolute deviation from the mean) (Fig. 3A) . Moreover, replacement of serum with SFM caused a rapid rise in nuclear fluorescence that was maintained for the 120-min incubation period (Fig. 3A , B, Movie 1). Thus, levels of FoxO1-clover are relatively constant over long-term imaging studies, and the reporter remains dynamically responsive to changes in growth factor signaling.
During the 12-hr incubation in serum-containing medium we noted that many cells underwent mitosis. We thus examined reporter localization during a full cell cycle, which averaged 23.8 hr
in 65 tracked cells incubated in medium with 10% FBS. When these individual fibroblasts were aligned based on the time since mitosis, we observed sustained cytoplasmic localization of the reporter molecule (Fig. 3C ). Taken together, the results in Fig. 3 (Fig. 4C ). Since R3-IGF-I binds minimally to IGF binding proteins, which typically inhibit acute IGF actions (Bach et al., 2005 , Baxter, 2014 , IGF binding proteins are probably not responsible for the variable responsiveness seen between these two cell types.
To confirm that reporter localization was tracking Akt activity, Akt phosphorylation was measured by immunoblotting whole cell protein lysates from the same cells studied in Fig. 4A and C. In both 10T1/2 cells and C2 myoblasts, IGF-I caused a dose-dependent increase in the extent of Akt phosphorylation (Fig. 4B, D) . Thus, there was a direct correspondence between the cytoplasmic localization of the FoxO1-clover reporter and the amount of Akt phosphorylation in response to treatment with IGF-I.
It is possible that expression of FoxO1-clover could disrupt Akt signaling by acting in a dominant negative manner. To test this idea, we compared the effects of IGF-I on Akt activity between parental 10T1/2 cells and a line that stably expresses the reporter. We found similar dose-dependent increases in phosphorylation of the Akt substrate PRAS40 in both cell lines (Supplemental Fig. 3B ). These data suggest that Akt signaling is not perturbed by expression of the reporter.
The time-course studies and immunoblotting results in 
reporter after the first incubation with IGF-I against the value at the end of the second treatment.
We observed only a limited correlation for both sequential and sustained treatments (sequential R 2 = 0.25; sustained R 2 = 0.24), although the values were greater than seen if cells were randomly paired (Supplemental Fig. 4 ). These analyses reveal that individual cell responses to submaximal activation are variable across the population and partly stochastic.
Measuring the kinetics of sub-cellular localization with the FoxO1-clover reporter. We next focused on the kinetics of sub-cellular movement of the reporter protein in response to growth factor activity. Changes in phosphorylation at the Akt target sites in FoxO1 modulate both NLS and NES activity (Brunet et al., 1999 , Rena et al., 1999 , Rena et al., 2002 , Zhang et al., 2002 . This potentially creates four components that determine the rate of translocation of the FoxO1-clover reporter between sub-cellular compartments: rates of nuclear import when the protein is either phosphorylated or un-phosphorylated, and rates of nuclear export when it is either phosphorylated or un-phosphorylated. We attempted to study these components. To examine the rate of nuclear import of the un-phosphorylated reporter molecule, we incubated cells in SFM with leptomycin B, an inhibitor of nuclear export (Wolff et al., 1997) . This To gain more insight into the kinetics of pathway activation and inactivation, we treated cells with IGF-I, washed out growth factor-containing medium with SFM, and added SFM with or without PI-103. As expected, IGF-I caused FoxO1-clover to rapidly accumulate in the cytoplasm (Fig. 7B) . The reporter then returned to the nucleus in the presence of SFM, and the rate of nuclear import increased by ~3-fold in the presence of PI-103 (0.015 min -1 in SFM vs. 
fitting the values of cells incubated with PI103 and when N/C = 1 between the two boundary conditions, we determined that ~56% of the reporter was in the nucleus after PI103 treatment and that ~19% was in the nucleus when the nuclear and cytoplasmic fluorescence intensities were equivalent (Fig. 8C, D) . These results reveal the importance of the method used for quantification, and suggest a source of variability when comparing cell types with proportionally different nuclear and cytoplasmic volumes. Journal of Cell Science Accepted manuscript (Brunet et al., 1999 , Rena et al., 1999 , Rena et al., 2002 , Zhang et al., 2002 . The presence of several phosphorylation sites rather than one is highly valuable in a kinase activity sensor, as they can extend the dynamic range of responses, and can potentially dampen signaling noise.
Discussion
Additionally, having multiple phosphorylation sites helps insure specificity of the reporter, especially when other kinases may have partially overlapping substrate phosphorylation motifs.
Akt-mediated signaling is sustained. Many signaling pathways that have been examined at the single cell level, including the NF and Erk pathways, are activated transiently in response to most signaling stimuli (Albeck et al., 2013 , Regot et al., 2014 , Tay et al., 2010 . In our experiments, we find that several growth factors persistently activate Akt signaling, as judged by the continual cytoplasmic localization of the FoxO1-clover reporter (Figs. 2 -5 ). Sustained Akt activity under these conditions suggests that sustained activation does not lead to significant negative feedback that otherwise would blunt responses over time. This presents an interesting contrast between the Akt and Erk signaling pathways, as both can be both stimulated by the same growth factors, but with the exception of carcinogenic mutations upstream of Erk, Akt remains persistently active while Erk becomes rapidly inhibited (De Luca et al., 2012, Sever and Brugge, 2015) . It thus will be of interest to determine by live-cell imaging how Erk and Akt signaling behave in the same cells in response to growth factors, and whether and how their kinetics might vary.
Growth factor stimulation of Akt activity is encoded into analog signaling responses. IGF-
I-induced activation of Akt leads to graded levels of signaling responses. In the two cell lines tested, we observed well-defined dose-response curves up to maximal values, with higher sensitivity in C2 myoblasts than in 10T1/2 fibroblasts (Fig. 4) . In comparison to the overall population, individual cell responses to IGF-I were variable. Some cells exhibited rapid and extensive translocation of the FoxO1-clover fusion protein from nucleus to cytoplasm, while in others the reporter responded minimally (Figs. 5, 6 ). Heterogeneous responses to growth factor exposure were broader at lower doses of IGF-I than at higher values, but were present at both treatment levels (Figs. 5, 6 ). Thus, our data show that IGF-I-mediated signaling is encoded into analog outputs, and is highly variable at the level of individual cells.
Based on the variability observed in single cells to initial treatment with IGF-I, we compared responses to sequential stimuli separated by a wash out period (Fig. 6 ). Results showed a tight correlation at the population level between first and second signaling responses, but much less Journal of Cell Science Accepted manuscript so at the individual cell level (Fig. 6A, B, Supplemental Fig. 4 ; R 2 = 0.25 for sequential IGF-I treatment for single cells). These data indicate the existence of factors that vary among different cells within a population and influence signaling outcomes. One group of such factors may be IGF signaling components, including the IGF-I receptor, IRS-1 or IRS-2 adaptors, PI3-kinase subunits, PTEN, PDK1 or PDK2 (mTorc2), PHLPP, or any of the three Akts (Baserga, 2013 , Hay, 2011 , Manning and Cantley, 2007 , Toker, 2012 , Yee, 2012 . It is conceivable that levels of these proteins change dynamically over time, and collectively that these alterations exert apparently stochastic effects on the extent of signaling responses across a population. Although speculative, this idea could be tested through targeted modifications in expression levels of one or more of these molecules.
Rapid activation and inactivation of Akt signaling.
Our results show that at maximal doses of IGF-I , Akt signaling is activated within minutes. We detected measurable cytoplasmic levels of the FoxO1-clover reporter within 2 min of growth factor exposure, and observed nearly all of the reporter molecules in the cytoplasm within 15 min after growth factor exposure ( Figs. 2A, 
3A, 3C). These values are comparable to measurements obtained with some but not all Akt
FRET reporters (Gao and Zhang, 2008 , Komatsu et al., 2011 , Kunkel et al., 2005 , Miura et al., 2014 , Zhang et al., 2007 . We also detected comparably rapid nuclear translocation of the reporter after addition of the PI103 kinase inhibitor to the medium of cells incubated with IGF-I (Fig. 7) . Taken together, these results suggest that the FoxO1-clover reporter represents a faithful and dynamic readout of competing kinase and phosphatase activities. Our data also show that at the population level IGF-I-mediated signaling to Akt has a fairly long lifetime (t 1/2 of ~ 30 min after growth factor withdrawal, Fig. 7B ).
Dynamic equilibrium of the FoxO1-clover reporter between nucleus and cytoplasm.
Although the FoxO1-clover protein is primarily nuclear in SFM, addition of the nuclear export inhibitor, leptomycin B, led to a ~50% increase in the amount of reporter in the nucleus (t 1/2 of ~5 min, Figs. 7A, 8A). These results indicate that like FoxO1 the reporter protein shuttles continuously between subcellular compartments. Akt signaling changes this dynamic equilibrium in favor of the cytoplasm, as revealed when its activity is disrupted by PI103 being added to cells treated with IGF-I (Fig. 8B ), resulting in rapid nuclear accumulation of the reporter. Quantification of the amount of reporter protein in the cytoplasm and nucleus under different conditions also showed that nuclear to cytoplasmic (N/C) ratios can be misleading.
Although incubation of cells in SFM led to nuclear fluorescence being 4-fold brighter than
Journal of Cell Science Accepted manuscript cytoplasmic fluorescence, the quantity of reporter in each compartment was roughly equivalent (Fig. 8C ). This result reflects the fact that in fibroblasts, cytoplasmic volume is ~4-times greater than nuclear volume (Swanson et al., 1991) . Since the ratio of nuclear to cytoplasmic volume varies among cell types and even among the same cells in culture, an N/C fluorescence ratio may incorrectly estimate the amount of reporter protein in either compartment.
Limitations of a translocation reporter. Despite the advantages of a translocation reporter there are also several assumptions inherent in its use. In our studies, we measured nuclear fluorescence intensity, but this value might vary independent of Akt activity if the size or shape of the nucleus or cytoplasm were to change during the time course of an experiment. This type of structural alteration might occur when cells elongate or migrate. Readouts from a translocation reporter also might vary with alterations in phosphatase activity, or in the activity of nuclear import or export machinery, although the latter seems to be relatively stable based on results using translocation reporters with mutated phosphorylation sites (Regot et al., 2014) . 
Materials and Methods
Reagents. Fetal bovine serum (FBS) and newborn calf serum were obtained from Hyclone 
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Lentiviral infection and selection. C3H10T1/2 mouse embryonic fibroblasts (ATCC #CCL226) were incubated in DMEM supplemented with 10% FBS. Mouse C2 myoblasts (Yaffe and Saxel, 1977) were grown in DMEM supplemented with 10% FBS and 10% newborn calf serum. Cells were transduced at 50% of confluent density with concentrated virus in the presence of 6 µg/ml polybrene, as described (Mukherjee et al., 2010) . Cells were then selected by incubation with puromycin (2 µg/ml) for one week. varied, but usually occurred ~15 min after the addition of PI103; (4) 60 min after addition of PI103; (5) 60 min after addition of leptomycin. For subsequent quantification, the nuclear fluorescence intensity at 60 min after IGF-I treatment was assigned a value of 0% nuclear localization, and the intensity at 60 min after leptomycin was assigned 100%. From these two values, we constructed a linear equation to determine the percent nuclear localization based on nuclear fluorescence intensity, and used this information to calculate the percent nuclear localization after incubation of cells with PI103, and when nuclear and cytoplasmic fluorescence intensities were equal (see Fig. 8C ).
Protein extraction and immunoblotting. Whole cell protein lysates were prepared as described (Mukherjee and Rotwein, 2008) . Protein aliquots (15 g/lane) were resolved by SDS-PAGE (10-12% separating gel), followed by transfer to Immobilon-FL membranes, and blocking with a 50% solution of AquaBlock. Membranes were incubated sequentially with primary and secondary antibodies (Mukherjee and Rotwein, 2008) . Primary antibodies were incubated for 12 -16 hr at a 1:1000 dilution, except for -tubulin (1:10,000), and secondary antibodies for 90 min at 1:5000. Images were captured using the LiCoR Odyssey and version 3.0 analysis software (Lincoln, NE). 
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